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Effect of Heat Diffusion During State Transitions in
Resistive Switching Memory Device Based on
Nickel-Rich Nickel Oxide Film
S. G. Hu, Yang Liu, T. P. Chen, Zhen Liu, Ming Yang, Student Member, IEEE, Qi Yu, and S. Fung
Abstract—The switching behaviors of the resistive switching
device based on Ni-rich nickel oxide thin film during the set
and reset processes in the pulse voltage experiment have been
examined. In the switching from a high-resistance state (HRS) to a
low-resistance state (LRS) during the set process, the formation
of filament is the dominant process. The switching is easier to
occur with a shorter off time between pulses, indicating that heat
diffusion plays an important role. On the other hand, in the
switching from the LRS to the HRS during the reset process,
there is a competition between the formation and deformation of
filament, which is much stronger than that in the set process. The
heat diffusion during the off time between pulses affects both the
formation and deformation of filaments. Thus, there is no definite
relationship in statistics between the off time and the occurrence
of the reset switching.
Index Terms—Heat diffusion, mechanism competition, nickel
oxide, resistive random access memory (RRAM).
I. INTRODUCTION
A S ONE of the most promising next-generation nonvolatilememory candidates, resistive random access memory
(RRAM) based on resistive switching has recently attracted
much attention for its simple structure, nonvolatility, high speed
performance, excellent scalability, low power consumption,
and great compatibility with standard CMOS process. Various
models [1]–[8] have been proposed to interpret the phenomena
of resistive switching. Recently, a 1T-1R NiO-based RRAM
cell has been demonstrated [9], and a NiO-based RRAM with
a controlled number of filaments has been reported also [10].
According to the filamentary conduction path model, ther-
mal effect plays an important role in the switching processes
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[11]–[14]. In our previous work [15], the competition between
the formation and deformation of filament in Ni-rich NiOx thin
films during the reset process is much stronger than that during
the set process. In the present work, we have further explored
that such competition leads to a significant difference in the
effect of the off time of pulses on the switching between the
set and reset processes in the pulse voltage experiment. It is
observed that the switching from a high-resistance state (HRS)
to a low-resistance state (LRS) during the set process is easier to
occur with a shorter off time, but there is no definite relationship
in statistics between the off time and the occurrence of the reset
switching. The result suggests that the heat diffusion during
the off time between pulses affects both the formation and
deformation of filaments.
II. FABRICATION PROCESS
A metal/Ni-rich NiOx/metal structure was fabricated as de-
scribed in the following. A 200-nm SiO2 thin film was ther-
mally grown on a p-type silicon wafer, and then, the bottom
electrode was formed by the deposition of a 100-nm nickel
layer on the SiO2 film using electron-beam evaporation. With
an Ar flow of 75 sccm, a NiOx thin film of 50 nm in thick-
ness was then deposited onto the Ni/SiO2/Si substrate by RF
(13.6 MHz) magnetron sputtering of a NiO target (> 99.99% in
purity). The RF power was set to 250 W. A 200-nm Au/15-nm
Ni layer was finally deposited onto the NiOx film by electron-
beam evaporation to form the top electrodes with 200 μm in
diameter. The chemical states of the as-prepared NiOx thin film
were analyzed by a Kratos AXIS Ultra X-ray photoelectron
spectroscopy (XPS) equipped with monochromatic Al Kα
(1486.71 eV) X-ray radiation (12 kV and 15 mA). The deconvo-
lution of the XPS spectrum of the Ni 2p3/2 core level indicates
that, in addition to the nickel oxides (with the oxidation states
of Ni2+ and Ni3+), a metallic phase (Ni0) exists in the as-
deposited NiOx thin film also. The detailed XPS result has
been reported in our previous work [15]. Electrical character-
izations were carried out with a Keithley 4200 semiconductor
characterization system at room temperature. The compliance
current was set to 0.01 and 0.1 A for the set and reset processes,
respectively, in order to avoid hard breakdown.
III. RESULTS AND DISCUSSION
Fig. 1 shows the typical current–voltage (I–V ) characteris-
tics of the structure. The first voltage sweeping started from
0018-9383/$31.00 © 2012 IEEE
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Fig. 1. I–V characteristics measured with voltage sweeping.
0 V with a current compliance of 0.01 A. An HRS was
maintained until the voltage was increased to a certain value
(Vset) where an abrupt increase of current appeared. The device
was switched to an LRS, and the “ON” state was achieved. This
process is known as the “set” process. By conducting a second
voltage sweeping to a certain voltage (Vreset), a sudden drop of
current appeared (from ∼ 10−2 to ∼ 10−4 A), which is known
as the “reset” process. The resistance was switched back to
the HRS, and the “OFF” state was achieved. The conductive
filament (CF) model [13], [14] can be used to explain the
reset/set process. It is reasonable to deduce that many localized
conductive regions exist in the NiOx films, resulting from
the large amount of oxygen vacancies and crystal boundary.
The “set” process could be originated from these localized
conductive regions linked with each other, i.e., the conductive
filaments. The sudden increase of resistance in the reset process
is attributed to the deformation of the CF as a consequence of
local Joule heating. By increasing the voltage to Vreset, the high
current flowing through the filaments causes a simultaneous
rupture of the filaments, and the HRS is achieved [12]. In the
reset process, conductive filament is deformed thermally due to
the local high power density (on the order of 1012 W · cm−3)
[13], [14]. On the other hand, in the set process, material in the
ruptured filament is modified by voltage-induced Joule heating,
leading to the formation /reconnection of conductive filament.
The set/reset operations can be realized with short pulses
also. Pulse cycles consisting of successive pulses with identi-
cal height and width but different off times (i.e., the interval
between two consecutive pulses) were applied to the device,
and the resistance of the device after each pulse was measured
at a reading voltage of 0.03 V. The state transition between the
HRS and LRS is considered as occurring when the change in
resistance is more than one order in magnitude. Fig. 2 shows
the resistance change in the set process as a function of the
number of pulses for different off times varying from 0.005 to
1 s. The pulse height and width are fixed at 1.8 V and 0.005 s,
respectively. For the off time of 0.005 s, ten successive pulses
are required to set the device, but for the off time of 0.05 s,
the number of pulses required for setting the device increases
to 23. The number of pulses required further increases to 54
and 98 for the off times of 0.5 and 1 s, respectively. The result
clearly indicates that the number of pulses required for setting
the device from the HRS to LRS increases with the off time. As
Fig. 2. Resistance change in the set operation with number of pulses for
different off times (the resistance is normalized to its initial value R0). The
pulse voltage and width are fixed at 1.8 V and 0.005 s, respectively.
Fig. 3. Number of pulses required for the state transition from the HRS to
LRS as a function of off time. (a) Pulse voltage is +1.8 V. (b) Pulse voltage is
−1.8 V. The pulsewidth is fixed at 0.005 s.
reported in our previous work [15], in the transition from the
HRS to LRS, the formation of filament is the dominant process.
The voltage-induced Joule heating modifies the material of
ruptured filament, forming conductive filament. During the off
time between the pulses, the heat diffuses out from the filament
region, leading to a delayed formation of filament. Thus, more
pulses are needed to accumulate heat to make the transition if a
longer off time is used.
Fig. 3(a) and (b) shows the number of pulses required for
the state transition from the HRS to LRS as a function of off
time for the pulse voltages of +1.8 and −1.8 V, respectively.
The pulsewidth was fixed at 0.005 s. Here, the occurrence of
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Fig. 4. Resistance change in the reset operation with number of pulses for
different off times. The pulse voltage and width are fixed at 0.6 V and 0.1 s,
respectively.
a state transition is defined as when the resistance is changed
for at least one order. For an experiment with a given off time,
at least ten devices at different locations on the same wafer
were examined. As can be observed in Fig. 3, more pulses
are needed for a longer off time to make the state transition
for both positive and negative pulse voltages. For example, for
+1.8 V, 13.6 and 78.2 pulses on average are needed to switch
the device from the HRS to LRS for the off times of 0.005 and
1 s, respectively. As discussed earlier, in the set process, the
formation of filament is the dominant process; the heat diffusion
during the off time leads to a delay of the filament formation,
and thus, more pulses are needed for a longer off time.
Being similar to the set experiment, pulses were applied to
reset the structure from the LRS to HRS. The resistance of
the structure after each pulse was measured at 0.03 V. The
pulse voltage and pulsewidth were fixed at 0.6 V and 0.1 s,
respectively. The off time was varied from 0.01 to 1 s. The
resistance changes with the number of pulses for different off
times are shown in Fig. 4. As can be observed in the figure,
the number of pulses required to reset the device does not
definitely correlate with the off time. As shown in Fig. 4(a)–(c),
Fig. 5. Number of pulses required for the state transition as a function of off
time. (a) Pulse voltage is +0.6 V. (b) Pulse voltage is −0.9 V. The pulsewidth
is fixed at 0.1 s.
the numbers of pulses are 21, 3, and 10 for the off time of 0.01,
0.1, and 1 s, respectively. To further confirm the observation,
at least ten devices at different locations on the wafer were
examined for each off time, as discussed hereinafter.
Fig. 5(a) and (b) shows the number of pulses required for
the state transition from the LRS to HRS as a function of off
time for the pulse voltages of +0.6 and −0.9 V, respectively.
The pulsewidth was fixed at 0.1 s. Here, the occurrence of state
transition is defined as when the resistance is changed for one
order or more. For each off time, at least ten devices at different
locations on the wafer were examined. As can be seen in Fig. 5,
the average number of pulses required for resetting the device
from the LRS to HRS does not show a definite dependence
on the off time for both positive and negative pulse voltages.
For example, for the pulse voltage of +0.6 V, 6.3 pulses on
average are needed for the off time of 0.01 s, and eight pulses
are required for both cases of 0.1 and 1 s. According to our
previous study [15], both the formation and deformation of
conductive filament are involved and competing in the reset
process. Conductive filament is deforming thermally due to
the locally generated heat with high power density, and at the
same time, the voltage-induced Joule heating also modifies the
material in the ruptured filament to form conductive filament.
During the off time, the generated heat diffuses out from the
filament region, affecting both the formation and deformation
of the filament. Therefore, there is no well-defined dependence
of the state transition on the off time for the reset process.
IV. CONCLUSION
In summary, the switching behaviors of the resistive switch-
ing devices based on Ni-rich nickel oxide thin film have been
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examined with the pulse voltage experiment. In the set process,
a delayed state transition is observed for a longer off time
between pulses, which indicates that the heat diffusion plays an
important role during the state transition. In the reset process,
the state transition does not show a definite dependence on the
off time, as the heat diffusion affects both the formation and
deformation of filament. The result suggests that a careful selec-
tion of the off time is necessary to achieve the best performance
of RRAM.
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